The development of spontaneous autoimmune diabetes in nonobese diabetic (NOD) mice provides for their use as a model of human type 1 diabetes. To test the feasibility of muscle-directed gene therapy to prevent type 1 diabetes, we developed recombinant adeno-associated virus (rAAV) vectors containing murine cDNAs for immunomodulatory cytokines IL-4 or IL-10. Skeletal muscle transduction of female NOD mice with IL-10, but not IL-4, completely abrogated diabetes. rAAV-IL-10 transduction attenuated the production of insulin autoantibodies, quantitatively reduced pancreatic insulitis, maintained islet insulin content, and altered splenocyte cytokine responses to mitogenic stimulation. The beneficial effects were host specific, as adoptive transfer of splenocytes from rAAV IL-10-treated animals rapidly imparted diabetes in naive hosts, and the cells contained no protective immunomodulatory capacity, as defined through adoptive cotransfer analyses. These results indicate the utility for rAAV, a vector with advantages for therapeutic gene delivery, to transfer immunoregulatory cytokines capable of preventing type 1 diabetes. In addition, these studies provide foundational support for the concept of using immunoregulatory agents delivered by rAAV to modulate a variety of disorders associated with deleterious immune responses, including allergic reactions, transplantation rejection, immunodeficiencies, and autoimmune disorders.
T he etiology of type 1 diabetes in NOD mice is both complex and multifactorial (1, 2) . Both CD4 ϩ and CD8 ϩ T cells comprise the effector arm, with underlying functional defects in bone marrow-derived antigen-presenting cells (macrophages, dendritic cells, B lymphocytes) shown to be essential components in the selection and activation of the autoimmune repertoire (3, 4) . The destruction of ␤ cells apparently entails both necrotic and apoptotic events in response to invasion of the islets by leukocytes (5, 6) . Autoreactive T cells are targeted against multiple autoantigens, including insulin and glutamic acid decarboxylase (7, 8) .
Previous studies indicate that the pathogenic facet of the ␤ cell destructive immune response in nonobese diabetic (NOD) mice is biased toward T helper 1-like immunities (4, 7) . Depending on the time and mode of administration (early versus late, systemic versus local), treatment with the immunoregulatory cytokines IL-4 or IL-10 can inhibit the development of type 1 diabetes in NOD mice as well as prevent the recurrence of disease, either alloimmune and͞or autoimmune, in mice receiving islet transplants (9) (10) (11) (12) (13) . However, given their relatively short half-lives, the practicality of using these cytokines for initiation of immune deviation would be currently limited because of the need for repeated administration. We and others have demonstrated that sustained and stable production of secreted proteins can be achieved in vivo through recombinant adeno-associated virus (rAAV)-mediated gene delivery into skeletal muscle (14, 15) . rAAV vectors have become increasingly recognized as having some superiority to other viral and nonviral gene delivery systems with regard to their safety, efficiency, lack of need for repeated viral administration, duration of action without known pathology, and only the occasional induction of modest immune responses (16, 17) . A cellular modification toward the in vivo production of cytokines, achievable by rAAV gene transfer, could be exploited for developing novel intervention protocols for type 1 diabetes and other immune system-based disorders (18) .
Materials and Methods
Plasmid Construction, Viral Packaging, and Production, Cellular Transfection, and Transduction. The rAAV (serotype 2) vector plasmids are depicted diagrammatically (Fig. 1) . Murine cDNAs for the cytokines IL-4 and IL-10 were cloned into the p43.2 plasmid. rAAV2 production, titer determination, and infectivity were performed as described (19) . Transfection (5 g DNA, Superfect; Qiagen, Chatsworth, CA) and transduction of myoblast C2C12 cells were performed as described (15) . For studies using adenovirus as a helper virus, myoblasts were treated with adenovirus type 5 at a multiplicity of infection of 5 for 2 h (37°C, 5% CO 2 ) before coinfection with rAAV.
Mice. Specific pathogen-free NOD.MarTac mice (Taconic Farms) were housed in a BSL-2 barrier facility. Blood glucose levels were determined weekly͞biweekly, with animals considered type 1 diabetic when levels exceeded 240 mg͞dl on two consecutive occasions, greater than 24 h apart.
rAAV Vector Administration. Four-week-old female NOD mice were injected intramuscularly into the caudal muscle of the pelvic limb. These injections used 100 l of saline, saline containing 1 ϫ 10 10 units of either rAAV-IL4 or rAAV-IL-10, or saline containing the latter two in combination (1 ϫ 10 10 units of rAAV-IL-4 and 1 ϫ 10 10 units of rAAV-IL-10) per mouse.
Cytokine, Serum IgE, and Insulin Autoantibody Analysis. Supernatant cytokine levels for IL-2, -4, -10, and IFN-␥ as well as serum IgE were measured with the use of OPTEIA kits (PharMingen) (20) , with serum IL-10 assessed by microbead cytokine assay (Upstate Biotechnology, Lake Placid, NY). Insulin autoantibodies (IAAs) were measured by RIA with radiolabeled insulin (Amersham Pharmacia) and protein A Sepharose (Sigma) (20) . An index was calculated as [(unknown cpm Ϫ negative control cpm)͞(positive control cpm Ϫ negative control cpm)] ϫ 100. The cutoff of 12.2 was chosen on the basis of the mean index ϩ 3 SD of 30 C57͞BL6 mice.
Histological Analysis. Skeletal muscle samples were paraformaldehyde (4%) fixed, paraffin embedded, and hematoxylin͞eosin stained. Insulitis was evaluated on hematoxylin͞eosin-stained frozen sections of pancreas and scored on a blind basis with a standardized scoring system described by others (21) . Pancreata were also stained for insulin with the use of antiporcine insulin (Dako) and intercellular adhesion molecule-1 (PharMingen) on frozen and paraffin sections, respectively.
Reverse Transcription-PCR for Detecting Transgene Expression. Total RNA from the injection site or cells transduced with rAAV vector was purified and treated with RNase-free DNase (RNAqueous-4PCR; Ambion, Austin, TX). First-strand cDNA synthesis was performed with Maloney murine leukemia virus reverse transcriptase and random cecamer primers (RETROscript; Ambion). The cDNA was amplified by nested PCR. For detection of transcript from rAAV-IL-4, the first PCR reaction was performed with primers, P1, 5Ј-CAGTCTCGAACTTA-AGCTGC-3Ј, and P2, 5Ј-GGACTTGGACTCATTCATGG-3Ј, for 35 cycles. Two percent of the reaction was used for the second PCR with primers, P3, 5Ј-CAGAAGTTGGTCGTGAGGCA-3Ј, and P4, 5Ј-GCAGCTCCATGAGAACACTA-3Ј, for 35 cycles. The final PCR product was cloned into a TA-cloning vector and sequenced to confirm that the transcript was from rAAVcytomegalovirus (CMV)-IL-4. 
Results

Effect of rAAV-Delivered Immunomodulatory Cytokines on Type 1
Diabetes. To validate function, mouse myoblasts were either transfected with plasmids or transduced with packaged rAAV virions expressing IL-4 and -10 ( Fig. 1 A) . Specifically, C2C12 myoblast cells were transfected with CMV-IL-4 or CMV-IL-10 plasmids or virally transduced with rAAV-CMV-IL-4 or rAAV-CB-IL-10. The transduction studies were performed in the presence and absence of adenovirus, a helper virus that aids in the conversion of rAAV from single-stranded to doublestranded DNA (16, 17) . At 48 h, plasmid-transfected cells readily expressed either IL-4 or -10 ( Fig. 1B) , whereas control cells transfected with control green fluorescent protein failed to produce these cytokines. Similarly, within 24 h, production of IL-4 and -10 was observed in supernatants from rAAV-CMV-IL-4-and rAAV-CB-IL-10-transduced cells ( Fig. 1 C and D) and did not depend on coinfection with adenovirus.
To observe the effects of skeletal muscle production of these cytokines on the development of type 1 diabetes in vivo, we intramuscularly injected female NOD mice at 4 weeks of age with purified vector preparations of rAAV-IL-4 and͞or rAAV-IL-10. rAAV-IL-10 transduction completely abrogated the development of diabetes (0͞10; 0% incidence at 30 weeks) (Fig. 2) . Additionally, mice receiving the combination therapy of both rAAV-IL-10 and rAAV-IL-4 were also protected from the disease (0͞10; 0%). This protection was associated with rAAV-IL-10, only as rAAV-IL-4-treated animals did not display a significant delay in the kinetics of disease development ( Fig. 2 ) nor did they demonstrate long-term differences in disease frequency (8͞10; 80%) when compared with control animals (7͞10; 70%). 
Confirmation of Functional rAAV Transduction of Skeletal Muscle.
To assess transgene function, serum cytokine levels were determined in a separate series of similarly treated animals injected with rAAV vectors and killed at 10-12 weeks of age; studies identified elevated IL-10 levels in rAAV-IL-10-transduced animals (67.5 Ϯ 14.9 pg͞ml; n ϭ 4) that were not detectable in saline controls (below assay detection limits of 15.6 pg͞ml; n ϭ 4). In contrast, serum IL-4 levels were not elevated͞undetectable in rAAV-IL-4-transduced animals in comparison with controls. However, as an indirect indicator of biological activity in transduced animals, total serum IgE was elevated in rAAV-IL-4-treated animals (Fig. 3A) , consistent with the known actions of IL-4 on IgE production and the difficulty of measuring serum cytokines (23) (24) (25) . The site of injection was examined to observe the local effects of transgene expression. Whereas normal muscle histology was observed in saline-injected animals (Fig. 3B) , the introduction of rAAV-IL-10 into muscle induced a mild degree of lymphocytic accumulation (Fig. 3C) , and rAAV-IL-4 induced a mild to severe degree of lymphocytic accumulation (Fig. 3D) , observations consistent with the action of these cytokines on immunological recruitment and proliferation (26) . Furthermore, this lymphocytic accumulation appeared transgene-specific, as injections of NOD mice with rAAV-␣-1-antitrypsin failed to induce abnormal muscle pathology and was similar to that of saline controls (data not shown), a finding consistent with the ''nonimmunogenic'' property often ascribed to rAAV. Additional evidence of skeletal muscle transduction was obtained by reverse transcription-PCR analysis of muscle, taken from injection sites of 16-to 30-week-old animals, with the use of cytokine-specific primers and subsequent sequencing of products. These studies confirmed the specific presence of IL-4 in rAAV-IL-4-injected ( Fig. 3 E and F) and IL-10 in rAAV IL-10-treated (data not shown) animals as well as the lack of these two cytokine genes in saline-treated animals. Furthermore, transgene retention was suggested by the presence of reverse transcription-PCR products in animals at 30 weeks of age. Longitudinal analysis of control, rAAV-IL-4-transduced, and rAAV-IL-10-transduced animals in the period before the onset of diabetes would be expected (4-12 weeks) revealed no differences in blood glucose values, suggesting that the systemic introduction of rAAV-expressed transgenes also did not interfere with ␤ cell function (data not shown).
Mechanisms by Which rAAV-IL-10 Confers Protection. A key feature of type 1 diabetes in NOD mice is the infiltration of the endocrine pancreas with inflammatory cells. In contrast to a normal islet (stage 0 insulitis; Fig. 4A ), the mildest form of inflammation is infiltration with inflammatory cells (dendritic cells, macrophages, T and B cells) around the perivascular duct and peri-islet regions of the islets of Langerhans (''peri-insulitis,'' stage 1 insulitis; Fig. 4B ). This peri-insulitis process in NOD mice normally begins when the animals are 4-6 weeks of age and is followed by an increase in the number of affected islets, a progressive increase in the quantity of intra-islet inflammatory cell accumulation (stages 2 and 3; Fig. 4 C and D) , and the selective destruction of insulin-producing islet ␤ cells (loss of insulin content). To examine the immunomodulatory effect of rAAV-cytokine gene therapy on the insulitis lesion before the period of developing overt clinical disease, we monitored insulitis in a separate series of animals injected with rAAV vectors and killed at 10-14 weeks of age. Cytokine transduction of NOD mice with rAAV-IL-10 and, to a lesser extent, with rAAV-IL-4 effectively reduced the quantitative parameters of insulitis in recipient animals (Fig. 4E) . Specifically, pancreatic sections from all mice contained islets free of inflammation as well as islets that demonstrated moderate to severe insulitis. However, the percentage of islets affected by severe insulitis was far less in the pancreata from rAAV-IL-10 NOD mice than in control animals, with rAAV-IL-4-treated mice forming an intermediate group. Furthermore, although not subject to the same quantitative evaluation, insulin content appeared to be retained and at higher levels in islets of rAAV-IL-10-transduced mice compared with those from the rAAV-IL-4 or control group mice (data not shown). Finally, previous studies have suggested that the expression of intercellular adhesion molecule-1 in islets, as influenced by the systemic or localized production of IL-10, is associated with diabetogenesis (27) . However, our studies analyzing four pancreatic structural components representing extra-and intra- islet vasculature did not reveal substantial differences between intercellular adhesion molecule-1 staining among animals from the three subject groups (data not shown). These findings indicate that rAAV-IL-10 gene therapy in part inhibits diabetes by reducing the severity of insulitis. However, they do not completely abrogate the recruitment of mononuclear cells to the islets.
A recent report suggested that IAAs provide an excellent predictor of future development of type 1 diabetes in NOD mice, inasmuch as a majority of animals developing disease possessed this marker by 12 weeks of age (28) . Hence, we performed longitudinal analysis of IAA in rAAV-IL-10, rAAV-IL-4, and control animals. As expected, serums from a minority of animals at 4 weeks of age were IAA positive (Fig. 5 A-C) . In saline controls, both longitudinal (Fig. 5A ) and life table analysis (Fig.  5D ) of individual animals suggested a strong association between IAA development and formation of type 1 diabetes. Indeed, all saline-treated animals developing type 1 diabetes developed IAA by 16 weeks of age. Interestingly, the effect of rAAV-IL-10 treatment appeared to involve a reduction in IAA index (Fig. 5B) in the period beyond 8 weeks of age in nearly all animals. The observed effect of rAAV-IL-4 was less clear, with no specific pattern associated with protection from disease ( Fig. 5 C and F) . Hence, it is possible that the protection from type 1 diabetes observed in rAAV-IL-10-treated mice resulted to some degree from the attenuation of islet autoantigen specific immunity in vivo.
To learn whether protection from type 1 diabetes afforded by rAAV-IL-10 could have resulted, in part, from the induction of a shift in systemic cytokine production, we analyzed the levels of IL-2, -4, -10, and IFN-␥ produced by splenocytes (Fig. 6 ) in response to mitogenic stimulation with Con A. In comparison with saline-treated animals ( Fig. 6 A, D, G, and J) , rAAV-IL-4-transduced mice (Fig. 6 B, E , H, and K) produced equivalent levels of IL-2, -4, and IFN-␥, whereas IL-10 production was markedly diminished. Quite strikingly, the introduction of rAAV-IL-10 into skeletal muscle resulted in markedly diminished production of IL-2, -4, -10, and IFN-␥ (Fig. 6 C, F, I , and L). These results suggest that of the cytokines tested, a reduced production of splenocyte-derived IL-2 and IFN-␥ may have been more closely associated with protection than IL-10 and possibly IL-4, as only the rAAV-IL-10-treated animals displayed diminished disease.
Finally, to learn whether rAAV-IL-10 transduction modulates type 1 diabetes by altering the ␤ cell destructive capacity and͞or inducing immunoregulatory cells in vivo, we performed both adoptive transfer and adoptive cotransfer studies. Specifically, young (nondiabetic) irradiated male NOD mice were injected via the tail vein with splenocytes from either rAAV-IL-10-treated mice or from newly diabetic NOD mice. In addition, a third group of recipients was injected with a 1:1 mixture of splenocytes from rAAV-IL-10-treated animals and from newly diabetic NOD mice. Interestingly, type 1 diabetes developed in 50% of the rAAV-IL-10 transferred animals by 4 weeks posttransfer, in a time frame similar to that of newly diagnosed animals (Fig.  6M) . Furthermore, recipient mice injected with equal mixtures , insulitis involving Ͻ50% of the islet in cross section (stage 3, dark gray bar), or insulitis involving Ͼ50% of the islet (stage 4, black bar). A total of 171 islets obtained from 17 animals (n ϭ 5-6 per group; 10-, 12-, and 14-week-old animals; average 10 islets per animal) were scored. The frequency of stage 0 insulitis was significantly lower in the PBS than in the IL-10 group (P ϭ 0.01), and, conversely, stage 3 insulitis was significantly higher in PBS-than in IL-10-treated animals (P ϭ 0.025). of splenocytes from the rAAV-IL-10-protected animals and newly diagnosed NOD mice developed diabetes in an accelerated time frame (50% by 3 weeks after transfer), whereas control irradiated males not subject to splenocyte transfer failed to develop diabetes within 8 weeks after transfer (data not shown). These studies suggest that rAAV-IL-10 transduction did not induce immunoregulatory cells in vivo and that the mechanism of prevention is host specific. This conclusion further implies that the beneficial effects require the continuous expression of the IL-10 transgene, an important feature of rAAV vectors.
Discussion
These studies support the utility of rAAV-mediated gene delivery, specifically that involving IL-10, as a method of preventing type 1 diabetes. In addition to primary disease prevention, we and others have demonstrated the ability of rAAV to transduce islet cells (29, 30) . The delivery to islets of anti-inflammatory cytokines, cytoprotective antioxidant, and anti-inflammatory enzymes, and͞or anti-apoptotic molecules by rAAV may delay͞ prevent the recurrence of type 1 diabetes in islet transplantation and may offer a promising form of immunotherapy.
Previous studies of IL-10 in NOD mice have been described as ''paradoxical'' (31) . Transgenic BALB͞c mice expressing IL-10 in the pancreas exhibited peri-insulitis but not insulitis or diabetes (32) . However, backcrossing of these transgenic mice onto the NOD background, rather than leading to protection, leads to disease acceleration, suggesting a potential pathogenic role for IL-10 in type 1 diabetes development (33) . In contrast, administration of IL-10 to adult NOD mice attenuated type 1 diabetes, a finding consistent with disease prevention (34) . One potential means for this variance may be the contrasting effects of local (islet) versus systemic production (35) . Clearly, more investigation is needed to better define the mechanisms associated with the form of delivery and location of expression.
In terms of the mechanism(s) for prevention in this study, immunoregulation involving alterations in ␤ cell-specific immunity was suggested by diminished insulitis scores and a reduction in index values for IAA. Although qualitative measures of insulitis composition have been shown to be of importance (''destructive'' versus ''nondestructive''), additional studies suggest that quantitative reductions of insulitis can also be associated with protection from disease (2) . Aside from ␤ cell-specific effects, we recognized the potential of skeletal muscle production of IL-4 and -10 for influencing systemic cytokine gene regulation and immune responsiveness. Interestingly, in terms of the effects of IL-4 or -10 on specific cytokine production, nearly all of the mitogen-induced cytokine responses in our studies were consistent with the published literature, and, more importantly, they provided additional clues to the potential mechanisms of cytokine action in terms of diabetes prevention (24) . Studies suggest that IL-10 inhibits the synthesis of a number of cytokines, including IFN-␥, IL-2, and TNF-␤. In macrophages, IL-10 can promote the degradation of cytokine mRNA, inhibit antigen presentation, and impede activation. In monocytes, IL-10 antagonizes the production and action of IFN-␥. IL-10 also inhibits mitogen-induced proliferation of T cells in the presence of accessory cells and reduces the production of IFN-␥ and IL-2. It is clear that the exact mechanisms of disease prevention as well as expanded studies of other cytokines (e.g., IL-12) must be subject to further investigation. However, these results allow us to speculate that systemic elevations in IL-10 may have (among many things) imparted a state of functional anergy in T cells, interrupted the maturation of T cells from a naive state, and͞or potentially delayed the maturation of antigen-presenting cells (macrophages, dendritic cells) to a state capable of antigen presentation to T cells, allowing for normal function.
Despite the observed success of rAAV-mediated delivery, further experimentation is necessary to bring practical reality to this form of therapy. One such activity could include examination of viral-IL-10, a molecule that possesses only a subset of cellular IL-10 activities, predominantly its suppression of cytokine synthesis by T helper type 1 cells (36) . It has yet to be observed whether beneficial therapeutic function can be achieved in the absence of imparting intramuscular lymphocytic accumulation through gene delivery analysis with the use of rAAV-vIL-10. Furthermore, the doses used in these studies (1 ϫ 10 10 units per animal) are high by historical standards. The effect of therapeutic dose and, perhaps even more important, the time of vector administration (6-16 weeks) on the aforementioned intramuscular inflammation, insulitis, and development of type 1 diabetes are crucial subjects. Furthermore, contrary to published studies, rAAV-mediated IL-4 expression in this investigation did not result in attenuation of type 1 diabetes (9, 13). The results of this discrepancy are unclear and may be related to the dose, route, timing, and͞or choice of vector used for administration, factors that have yet to be investigated.
In summary, we believe these studies represent an important step to validating the utility of cytokine gene therapy, afforded by rAAV-mediated gene delivery, on altering the immune response. These studies provide support for the concept of using immunoregulatory agents delivered by rAAV to modulate disorders associated with immune responses, including allergic reactions, transplantation rejection, immunodeficiencies, and autoimmune disorders.
